Chapman MA, Mukund K, Subramaniam S, Brenner D, Lieber RL. Three distinct cell populations express extracellular matrix proteins and increase in number during skeletal muscle fibrosis. Tissue extracellular matrix (ECM) provides structural support and creates unique environments for resident cells (Bateman JF, Boot-Handford RP, Lamandé SR. Nat Rev Genet 10: 173-183, 2009; Kjaer M. Physiol Rev 84: 649 -98, 2004). However, the identities of cells responsible for creating specific ECM components have not been determined. In striated muscle, the identity of these cells becomes important in disease when ECM changes result in fibrosis and subsequent increased tissue stiffness and dysfunction. Here we describe a novel approach to isolate and identify cells that maintain the ECM in both healthy and fibrotic muscle. Using a collagen I reporter mouse, we show that there are three distinct cell populations that express collagen I in both healthy and fibrotic skeletal muscle. Interestingly, the number of collagen I-expressing cells in all three cell populations increases proportionally in fibrotic muscle, indicating that all cell types participate in the fibrosis process. Furthermore, while some profibrotic ECM and ECM-associated genes are significantly upregulated in fibrotic muscle, the fibrillar collagen gene expression profile is not qualitatively altered. This suggests that muscle fibrosis in this model results from an increased number of collagen I-expressing cells and not the initiation of a specific fibrotic collagen gene expression program. Finally, in fibrotic muscle, we show that these collagen I-expressing cell populations differentially express distinct ECM proteins-fibroblasts express the fibrillar components of ECM, fibro/adipogenic progenitors cells differentially express basal laminar proteins, and skeletal muscle progenitor cells differentially express genes important for the satellite cell.
collagen; extracellular matrix; fibrosis; skeletal muscle CHRONIC SKELETAL MUSCLE pathologies such as muscular dystrophy and cerebral palsy as well as acute conditions such as trauma are often characterized by skeletal muscle fibrosis (33, 38, 61) . Muscle fibrosis is defined as the abnormal accumulation of extracellular matrix (ECM) protein, primarily in the form of type I collagen (33) . Skeletal and cardiac muscle fibrosis are significant clinical problems that result when regeneration pathways are disrupted and healthy muscle is replaced by fibrous connective tissue. The resulting fibrous scar reduces muscle strength, decreases cardiac function and limits joint range of motion and mobility of patients (6, 32, 68) .
Muscle fibrosis is typically characterized by biochemical and histological detection of collagen in the extracellular space (13, 33, 43) . More recently, the characterization of fibrosis by mechanical testing has provided functional definitions based on specific values of tissue stiffness (13, 43, 49, 56) . While various methods used to describe ECM and fibrosis provide valuable insights, less is known about the cells responsible for the production of fibrotic scars, especially in skeletal muscle. A thorough understanding of the cells involved is vital to developing effective therapies against fibrosis. Traditionally, attention has focused on fibroblasts and myofibroblasts, as these cells are a primary source of collagen in fibrosis (7, 18, 21, 33, 63) . However, other mononuclear cells exist in skeletal muscle that may be involved in fibrosis. Mainly, it has been shown that the fibro/adipogenic progenitor (FAP) cell becomes activated upon muscle injury (26, 58) . Additionally, myoblasts have been implicated, albeit to a lesser extent, in producing collagen I and contributing to muscle fibrosis (1) . The contribution of different cell types to collagen production in both healthy and diseased muscle is thus unclear.
We used a strategy that labeled all collagen I-expressing cells and determined their identity using fluorescence-activated cell sorting (FACS) and RNA-sequencing techniques. In addition to the identity of these cells not being well known, it is also unclear how collagen-expressing cells differ in a healthy versus a fibrotic environment in terms of gene expression. Therefore, the purpose of this study was to create a model to label cells responsible for collagen deposition directly in both healthy and diseased muscle to gain further understanding of ECM regulation in skeletal muscle.
MATERIALS AND METHODS

Mice.
A model of chronic skeletal muscle fibrosis, the nesprindesmin double knockout (DKO) mouse (strain: mixed Black Swiss and 129/SvJ background), was used (13) . Expression of collagen I, the main contributor to fibrotic tissue in skeletal muscle, was identified using a mouse line expressing GFP under the control of the collagen-␣1(I) promoter (strain: C3H/C57B1) (64) . This permitted direct identification of any cell that actively expresses type I collagen based on fluorescence. To study collagen-expressing cells in a model of fibrosis, we created nesprin-desmin double knockout mice that express GFP under the control of the collagen-␣1(I) promoter by crossing these two mouse lines. Mice heterozygous for both nesprin 1 and desmin were bred with collagen-GFP mice. The resulting male and female nesprin 1 ϩ/Ϫ , desmin ϩ/Ϫ , Col-GFP ϩ mice were bred to create nesprin 1 ϩ/ϩ , desmin ϩ/ϩ , Col-GFP ϩ [wild type (WT)] and nesprin 1 Ϫ/Ϫ , desmin Ϫ/Ϫ , Col-GFP ϩ (DKO) littermates. Eight-week-old male and female mice were used for experiments. All experiments were approved by the Animal Care Program at the University of California, San Diego. A total of 16 WT and 14 DKO mice were used as biological replicates in all experiments.
The presence of GFP in each mouse ear punch was determined using a fluorescent microscope (Leica MZFL III, Leica Microsystems, Wetzlar, Germany). Genotyping of nesprin 1 and desmin were performed by PCR on DNA from mouse ear punches using the following primer sets: desmin wild-type (forward, 5=-CTCGTCCAGC-CAGCGCGTGT-3=; reverse, 5=-GCCCTTGAGCCGGTTGACCTC-3=), desmin knockout (forward, 5=-TCCGCCCAGCCAGCCTCGTC-3=; reverse, 5=-CCATGGCGATGCCTGCTTGC), nesprin wild-type (forward, 5=-TGGTAGTCATCAAGATGCTGGCTTGGG-3=; reverse, 5=-CTTT-CTAAGTCTACAGTGGTGGGCTC-3=), and nesprin knockout (forward, 5=-GTAATATTTGTGGGACCGAGTTCTCTGAG-3=; reverse, 5=-CTTTCTAAGTCTACAGTGGTGGGCTC-3=).
Histology. Extensor digitorum longus (EDL) muscles were dissected from WT and DKO collagen-GFP mice. Muscles were washed in PBS, pinned and fixed in 0.5% paraformaldehyde at room temperature for 2 h. EDL muscles were then placed in a 20% sucrose solution overnight at 4°C. Muscles were frozen in liquid nitrogen-cooled isopentane and stored at Ϫ80°C until further processing. Crosssectional sections (10 m thick) were cut from OCT-embedded samples at Ϫ20°C using a Microm HM500 cryostat (Waldorf, Germany). Since GFP loses its fluorescence during fixation, an antibody against GFP was used to visualize GFP. Nonspecific binding was blocked with 1% BSA, and tissue sections were stained with a rabbit polyclonal anti-GFP primary antibody (dilution ϭ 1:500; A-11122; Life Technologies, Eugene, OR), followed by staining with an Alexa-Fluor 488 goat anti-rabbit secondary antibody (dilution ϭ 1:200; A-11008; Invitrogen, Eugene, OR). To determine the position of GFP ϩ cells relative to the basal lamina, a rabbit polyclonal antilaminin primary antibody (dilution ϭ 1:500; L9393; Sigma-Aldrich, St. Louis, MO) was used. Before laminin labeling, the anti-laminin antibody was conjugated to an Alexa-Fluor (AF) 568 fluorophore using an APEX Antibody Labeling Kit (Life Technologies) according to manufacturer's instructions. Briefly, APEX antibody labeling tip resin was hydrated using wash buffer (0.1 M PBS, pH 7.5, 2 mM azide) and 20 g of anti-laminin antibody were loaded onto the resin. The AF-568 fluorophore was dissolved in DMSO and 50 mM borate buffer, and 10 l of this reactive dye solution were added to the resin and incubated for 2 h at room temperature. To elute unreacted dye, wash buffer was passed through the resin. Labeled anti-laminin was then eluted from the resin using 0.2 M acetic acid, pH 3.3, and neutralized with 1 M Tris, pH 9.0. The AF-568-anti-laminin conjugate was diluted 1:500 in 0.1% BSA and incubated on the GFP-labeled tissue sections for 2 h at room temperature. Nuclei in each section were stained using DRAQ5 (dilution ϭ 1:1,000; no. 4084; Cell Signaling Technology, Danvers, MA). Samples were then imaged under a ϫ63.3 objective with glycerol immersion using an inverted confocal microscope (Leica SP5, Wetzlar, Germany).
Fluorescence-activated cell sorting. Mice (n ϭ 16 WT; n ϭ 14 DKO) were anesthetized with 2% isoflurane at 2 l/min and then euthanized by cervical dislocation. Muscle samples were prepared for FACS as previously described (43) . The quadriceps, tibialis anterior, and gastrocnemius muscles were dissected and trimmed of all visible tendon. Muscles were weighed, cut into small pieces, and incubated at 37°C in digestive solution (in DMEM: 0.27% type I collagenase, 0.06 U/ml dispase II, 50 U/ml streptomycin, 50 U/ml penicillin) for 50 min. Muscles were then mechanically broken with forceps and then incubated at 37°C for 30 min. Samples were further broken down by pipetting, and then incubated for another 10 min. Muscle cell suspensions were then passed through a 70-m filter followed by a 40-m filter. Cells were then centrifuged and resuspended in FACS buffer consisting of 2.5% normal goat serum and 1 mM EDTA in PBS. Isolated cells were then labeled for 20 min on ice with primary antibodies, centrifuged, and resuspended in FACS buffer. Fluorescence-minus-one controls were created by combining cell samples with appropriate antibodies. Additionally, a portion of the cell population was left unstained to serve as the negative control.
Antibodies used were as follows: CD31-Pacific blue (to identify endothelial cells) (102422; Biolegend, San Diego, CA), CD45-Pacific blue (to identify hematopoietic cells) (103126; Biolegend), ␣-7 integrin-PE [to identify skeletal muscle progenitor cells (SMPs)] (53-0010 -05; AbLab, Vancouver, BC, Canada), and Sca-1-APC/Cy [to identify FAPs) (108126; Biolegend). Unlabeled cells (CD31 Ϫ , CD45 Ϫ , Sca-1 Ϫ , ␣-7 integrin Ϫ ) were further investigated to determine their identity by isolating them from the hindlimbs of WT mice (n ϭ 5). These cells were fixed in 70% ethanol for 20 min followed by permeabilization in a solution of 2% BSA, 5% FBS, 0.2% Triton X-100, and 0.1% sodium azide. Cells were stained with fibroblast and myofibroblast markers ER-TR7 (9) (sc-73355 PE; Santa Cruz Biotechnology, Dallas, TX) and ␣-smooth muscle actin (␣-SMA) (20) (LS-C124868; LSBio, Seattle, WA), respectively, both conjugated to the phycoerythrin (PE) fluorophore), and analyzed by flow cytometry. Dilution for all FACS antibodies was 1:200.
Cells were sorted using the BD FACS Aria II Special Order Research Project (BD Biosciences, San Jose, CA) with four lasers (405 nm, 100 mW; 488 nm, 50 mW; 561 nm, 50 mW; 640 nm, 40 mW). Cells were first gated on size based on side versus forward scatter plots to eliminate cellular debris. Clumped cells were then eliminated by gating on side scatter area versus side scatter width. To eliminate all endothelial (CD31 ϩ ) and hematopoietic (CD45 ϩ ) cells, antibodies for both CD31 and CD45 conjugated to Pacific blue were used, and then we excluded all Pacific blue-positive cells. Remaining cells, henceforth referred to as lineage negative (lin Ϫ ) cells, were gated on GFP expression. GFP ϩ cells were then sorted into three collection vials based on staining for Sca-1 and ␣-7 integrin: Sca-1 ϩ , ␣-7 integrin Ϫ ; Sca-1 Ϫ , ␣-7 integrin ϩ ; Sca-1 Ϫ , ␣-7 integrin Ϫ . The fluorescent antibodies were detected at the following wavelengths: 450 Ϯ 25 nm (Pacific blue), 525 Ϯ 25 nm (GFP), 582 Ϯ 7.5 nm (PE), and 780 Ϯ 30 nm (APC/Cy7). GFP ϩ cells were sorted into three different collection vials based on antibody staining filled with FACS buffer. Cells were centrifuged and lysed in Buffer RLT (Qiagen, Valencia, CA) and TRIzol (Invitrogen, Carlsbad, CA). All data were collected using BD FACSDiva software (BC Biosciences, San Jose, CA) and analyzed with FlowJo software (version 10.0.7, FlowJo, Ashland, OR).
RNA isolation. To obtain sufficient RNA for RNA sequencing, samples were pooled. WT cell populations were pooled from three different mice, and DKO populations were pooled from two different mice. RNA was then extracted from these pooled samples using an RNeasy Mini Kit (Qiagen). After cell lysis with 1.0 ml of Buffer RLT/TRIzol, 0.3 ml of chloroform were added and the sample was vortexed for 15 s then centrifuged for 15 min at 12,000 g. The supernatant was removed and mixed with equal parts 70% ethanol. Samples were then added to an RNeasy Mini spin column and centrifuged. The column was washed with RW1 followed by RPE buffer. After washes, DEPC-treated water was added to the column and RNA was eluted from the columns with centrifugation. RNA concentrations were determined by sample absorbance at 260 nm using an ND-1000 Spectrophotometer (Thermo Scientific, Waltham, MA).
RNAseq. RNA sequencing was performed on Illumina Hi-seq 2500 (rapid run mode). Four biological replicates for each cell type [FAP, SMP and fibroblast (FB)] under each condition (DKO and WT) were multiplexed across two lanes (total samples ϭ 24). One hundred base-paired reads per sample with an average of 22 million reads per sample were obtained. RNA read mapping and the initial quality control was performed using the OSA algorithm (24) to the mouse reference genome version mm10, with Refseq annotation. Four samples (2 SMP DKO and 2 SMP WT) with Ͻ75% uniquely mapped reads were eliminated from further analysis. All RNA sequencing data generated for this study have been deposited in NCBI's Gene Expression Omnibus (GEO) (19) repository and can be accessed using the GEO Series accession no. GSE89633 (http://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?accϭGSE89633).
The BAM files obtained after RNA read mapping for each of the 20 samples were used to construct the counts matrix using the "Summa-rizeOverlaps" function of the "GenomicAlignments" package available through R/Bioconductor (29) . The "makeTranscriptDbFromUCSC" from the "GenomicFeatures" package was used to build the gene model (corresponding to refgene annotation under version mm10) for counting reads (29) . The resulting count matrix consisted of 24,393 genes across 20 samples.
Count matrix normalization and differential analysis was performed using the "DEseq2" package available through R/Bioconductor as outlined in their vignette (36) . DESeq models count data as negative binomial distribution, with variance and mean linked by local regression (2) . DESeq2 builds on the previous package by utilizing shrinkage estimate for dispersions and fold changes, improving stability and interpretability. The design matrix for our analysis was constructed to accommodate all possible comparisons across cell types and conditions, resulting in nine possible comparisons. An absolute log 2-based-fold change cut-off Ͼ0.5 with a Benjamini-Hochberg false adjusted P Ͻ 0.05 was used as a threshold of significance for identifying differential expression, for each comparison. Heatmaps were generated using "pheatmap" library in R. Functional enrichment analysis of differentially expressed genes was performed using an open source tool-Database for Annotation, Visualization and Integrated Discovery (DAVID) (25) . The colors on the heatmap represent the expression counts scaled (to one), row-wise using the built-in "scale" function available through "pheatmap," ECM and ECM-related genes were identified by cross-referencing all of the differentially expressed genes in this study with the "Matrisome" ECM annotations proposed by Hynes and collaborators (44) . The matrisome is split into the "core matrisome" (collagens, ECM glycoproteins, and roteoglycans) and "matrisome-associated" genes (ECM regulators, secreted factors, and ECM-affiliated proteins). Comparisons were made between cell types within a genotype (WT:FB vs. FAP vs. SMP; DKO: FB vs. FAP vs. SMP) and among the same cell types in each genotype (WT FBs vs. DKO FBs; WT FAPs vs. DKO FAPs; WT SMPs vs. DKO SMPs).
RESULTS
Our work demonstrated previously that significant skeletal muscle fibrosis resulted when both cytoskeletal proteins desmin and nesprin 1 were knocked out (DKO mice) (13) . In the present study, we used transmission electron microscopy to further characterize ECM changes in DKO skeletal muscle ( Fig. 1 ). These images confirm our previous findings and clearly demonstrate a significant alteration to the ECM in DKO skeletal muscle. The amount and quality of the collagen fibrils is clearly increased in the DKO model as previously suggested by the biochemical data (12, 13) .
To provide insights into the cellular mechanism behind this ECM alteration, we bred DKO mice with collagen I reporter mice (64) . These reporter mice allow direct identification of collagen expressing cells based on green fluorescence. Compared with healthy WT muscle, DKO muscles had an increase in GFP ϩ collagen-expressing cells ( Fig. 2A ). In addition to the increased number of collagen-expressing cells in DKO muscle, the GFP ϩ cells in fibrotic DKO muscle also had extensive cellular projections, a possible indication of being in an activated state (5, 38) . Importantly, we observed collagen-expressing cells that were located both beneath and outside of the basal lamina in WT and DKO muscle ( Fig. 2B ). This shows that the collagen-expressing cell population is heterogeneous and consists of mononuclear cells associated with both the skeletal muscle fibers and the extracellular matrix. We thus performed FACS to determine the identities of collagen-expressing cells and show how the collagen expressing cell populations are altered in fibrosis.
Collagen-expressing mononuclear cells isolated from WT and DKO muscles were identified by the presence of GFP (Fig.  3A) . On the basis of labeling with Sca-1 and ␣-7 integrin, GFP ϩ cells were identified as either SMPs (CD31 Ϫ , CD45 Ϫ , Sca-1 Ϫ ␣-7 integrin ϩ ) or FAPs (CD31 Ϫ , CD45 Ϫ , Sca-1 ϩ , ␣-7 integrin Ϫ ) ( Fig. 3B ). These same cell population definitions have been previously validated (26) . A portion of the collagenexpressing cells remained unlabeled. We hypothesized that the unstained cells were likely fibroblasts, but to characterize this population, these cells were stained with additional markers. A large proportion of this population stained positively for either Fig. 1 . Extensive fibrosis is present in double knockout (DKO) skeletal muscle. Transverse transmission electron micrographs of the extracellular space of wild-type (WT) and nesprin-1/desmin DKO (13) tibialis anterior muscle show a significant increase in collagen content in DKO muscle. Inset shows that DKO collagen is more densely packed compared with WT collagen, with collagen fibrils roughly aligned with the muscle fiber long axis. Scale, 500 nm.
ER-TR7 or ␣-SMA, suggesting that this population is primarily composed of fibroblasts and activated fibroblasts, which will be referred to as FB cells (Fig. 3 , C and D). Since PE was used to separate cell populations in the first sort, there was small amount of PE detected in the unlabeled negative control population (Fig. 3, C and D) .
When collagen-expressing cells are examined as a whole, FACS data demonstrated that the proportion of GFP ϩ cells that make up the mononuclear cell population was significantly increased in DKO mice (46.3 Ϯ 2.25%) compared with WT mice (33.0 Ϯ 2.27%; P ϭ 0.0003; Fig. 4A ). Within this GFP ϩ cell population, we identified FAPs, SMPs, and FBs. GFP ϩ FAPs made up the largest population of GFP ϩ cells in both WT and DKO animals, with~50% of GFP ϩ cells being positive for Sca-1 (P ϭ 0.15; Fig. 4B ). There were also no differences in the proportion of GFP ϩ cells that were SMPs which made up~18% of the WT and DKO GFP ϩ cell population (P ϭ 0.56; Fig. 4B ). The remaining GFP ϩ cells (FBs) comprised~30% of the GFP ϩ cell population in WT and DKO mice (P ϭ 0.017; Fig. 4B ). FBs made up a slightly higher percentage of collagen-expressing cells in DKO mice, suggesting a small shift toward FBs in fibrotic muscle. However, with the significant increase in the numbers of GFP ϩ cells in DKO mice relative to WT mice (Fig. 4A ), the proportion of each cell type within the GFP ϩ population remained relatively constant.
The abundance of GFPcells in WT and DKO mice was not significantly affected (1,914 Ϯ 135 cells/mg vs. 2,329 Ϯ 287 cells/mg, respectively; P ϭ 0.18). Thus, although the GFP Ϫ cell count in WT and DKO mice was constant, the cell counts per muscle mass (i.e., cellular concentration) of GFP ϩ FAPs, SMPs, and FBs all significantly increased in DKO mice compared with WT ( Fig. 4, CϪE) . The concentration of GFP ϩ FAPs more than doubled in DKO muscle relative to WT muscle ( Fig. 4C , P Ͻ 0.0001). The concentration of SMPs and FBs positive for GFP more than doubled as well (Fig. 4 , D and E, P Ͻ 0.0001). Although DKO skeletal muscles were significantly smaller than WT muscles (304.7 Ϯ 17.6 mg vs. 398.1 Ϯ 27.55 mg, respectively; P Ͻ 0.05), the 20% drop in muscle mass did not account for the Ͼ120% increase in GFP ϩ cell concentrations in DKO muscle. These data demonstrate that the dramatic rise in collagen content in DKO muscle is related to an increased number of collagen-expressing FBs, FAPs, and SMPs. Additionally, these data demonstrate the heterogeneity of collagen I-expressing cells in both healthy and fibrotic muscle. Furthermore, while the abundance of GFP ϩ cells increased in DKO mice, the proportion of FAPs, SMPs, and FBs that comprise the GFP ϩ cell population did not overwhelmingly shift, demonstrating that all three populations participated proportionally in the fibrotic response.
We next examined the FAP, SMP, and FB cell populations individually to determine how collagen expression in these populations was affected in fibrosis. When examining the FAP population further, we found a significant increase in the percentage of FAP cells positive for GFP in DKO (83.6 Ϯ 2.13%) versus WT (71.9 Ϯ 1.4%; P Ͻ 0.0001) mice (Fig. 4F ). This was also found in SMP cells positive for GFP in DKO (69.2 Ϯ 2.33%) versus WT (51.6 Ϯ 1.18%; P Ͻ 0.0001) skeletal muscle (Fig. 4G ). The proportion of FB cells positive for GFP was also increased in DKO (24.6 Ϯ 2.16%) versus WT (14.3 Ϯ 1.68%; P Ͻ 0.001) mice (Fig. 4H) . These data suggest that more FAP, SMP and FB cells are being recruited to express collagen in DKO muscle.
To understand differential function among these cell types, gene expression in each cell type was examined from both WT and DKO muscles using RNA-seq. When comparing the number of differentially expressed genes, the primary difference Fig. 3 . Cell sorting strategy of collagen-expressing cells from skeletal muscle reveals three distinct cell populations. Quadriceps, tibialis anterior, and gastrocnemius muscles were dissected from hindlimbs of collagen-GFP reporter mice and prepared for fluorescence-activated cell sorting (FACS). Cells were labeled with antibodies against CD31 (Pacific blue), CD45 (Pacific blue), ␣-7 integrin (PE), and Sca-1 (APC/Cy7). Cells were gated first on the basis of size using forward scatter-area versus side scatter-area plots to eliminate tissue and cellular debris. Single cells were then subjected to a lineage negative (lin Ϫ ) gate to eliminate CD31 (endothelial cells) and CD45 (hematopoietic cells) positive cells. A: these lineage negative cells were then gated on the basis of GFP expression level. B: finally, the GFP ϩ cell population was divided into three separate collection vials for later processing: GFP ϩ , ␣-7 integrin ϩ , Sca-1 Ϫ [skeletal muscle progenitor (SMP) cells]; GFP ϩ , ␣-7 integrin Ϫ , Sca-1 ϩ [fibro/adipogenic progenitor (FAP) cells]; GFP ϩ , ␣-7 integrin Ϫ , Sca-1 Ϫ . To further characterize the cell population that was negative for both Sca-1 and ␣-7 integrin, cells were fixed and stained with fibroblast and myofibroblasts markers, ER-TR7 and ␣-smooth muscle actin (SMA), respectively. C and D: a large proportion of the GFP ϩ , ␣-7 integrin Ϫ , Sca-1 Ϫ cell population stained positively for either ER-TR7 and ␣-SMA, suggesting that this population is primarily composed of fibroblasts and activated fibroblasts (FB).
observed was between cell types (FB vs. FAP vs. SMP) and not between the same cell types in WT versus DKO (Table 1 and  Supplemental Table S1 ; Supplemental Material for this article is available at the journal website). Ontology analysis of differentially expressed genes revealed a strong enrichment for cellular components associated with the ECM and the extracellular region for all comparisons made (P Ͻ 0.05; Supplemental Table S1 ).
Differentially expressed genes between WT and DKO FBs, FAPs, and SMPs were cross-referenced with the matrisome gene list to investigate how ECM gene expression is affected by fibrosis. Numerous ECM and ECM-related genes were affected by fibrosis ( Figs. 5-7) . Differential gene expression analysis comparing WT with DKO mice demonstrated that fibrosis did not dramatically affect the expression of fibrillar collagen genes ( Figs. 5-7) . Notably, collagen I gene expression as well as many other fibrillar collagen genes (collagens II, III, V, XXIV) were not differentially expressed in each cell type when comparing cells from WT and DKO muscles (log 2 fold change Ͻ 0.5 and Benjamini-Hochberg false adjusted P Ͼ Fig. 4 . Multiple collagen I-expressing cell types increase in number to produce fibrosis. A: the percentage of collagen-expressing cells among lin Ϫ cells increases with fibrosis. In fibrotic skeletal muscle, the percentage of collagen-expressing cells among lin Ϫ cells was significantly elevated compared with WT mice (P ϭ 0.0003, unpaired t-test). B: distribution of collagen-expressing cells among FAPs, SMPs, and FBs remains relatively constant between WT and DKO muscle, where the majority of GFP ϩ cells were FAPs. The proportion of skeletal muscle progenitor cells (␣-7 integrin ϩ ) and fibro/adipogenic progenitor cells (Sca-1 ϩ ) positive for GFP was constant between WT and DKO mice (P ϭ 0.56 and P ϭ 0.15, respectively). There was a significant increase in the proportion of FBs (GFP ϩ , Sca-1 Ϫ , ␣-7 integrin Ϫ ) in DKO over WT muscle (P ϭ 0.017). C-E: the concentration of GFP ϩ cells (cells/mg muscle) increased in all cell types (P Ͻ 0.0001). F-H: increased percentage of SMPs, FAPs and FBs are GFP ϩ , and thus expressing collagen I, in fibrotic skeletal muscle. F: percentage of SMPs expressing collagen was significantly elevated in DKO skeletal muscle compared with WT (P Ͻ 0.0001). Over 50% of SMPs in both WT and DKO muscle are GFP ϩ . G: the percentage of FAPs cells positive for GFP is elevated in DKO muscles over WT (P Ͻ 0.0001). Note that the vast majority of FAPs in both healthy and fibrotic skeletal muscle are actively expressing collagen (GFP ϩ ). H: percentage of FBs that express collagen increases in DKO compared with WT muscle (P Ͻ 0.001). All figures: n ϭ 16 (WT); n ϭ 14 (DKO). 0.05). A scaled expression heatmap of these genes, as well as other fibrillar and nonfibrillar genes, can be found in Supplemental Table S1 (tab 29), demonstrating how a majority of fibrillar collagen genes are not significantly affected by fibrosis. While differential expression of fibrillar collagen genes did not dominate fibrosis development in this model, differential gene expression in FBs favored fibrillar ECM formation in DKO muscle (Fig. 5 ). This is accomplished by decreased expression of nonfibrillar ECM genes (Col4a3,  Col4a4 In terms of collagen ECM genes, FAPs in DKO muscle only had two differentially regulated collagen genes when compared with WT FAPs, where Col4a4 was downregulated and Col8a1 was upregulated in DKO compared with WT ( Fig. 6 ). Fewer ECM genes were differentially regulated in FAPs compared with FBs, but similar to FBs, gene expression in FAPs demonstrated a shift in gene expression to favor fibrillar ECM formation in cells from DKO muscle (Fig. 6 ). This is demonstrated through increased expression of fibrillar ECM glycoproteins [Postn, Ltbp2, Sparcl1, Rspo4, Tnc (21) ], increased expression of genes important in fibrillar ECM formation [Ctgf (50), Wisp1 (28)], decreased expression of Tgf-␤ antagonist (Bmp7), increased inhibition of collagen I breakdown (Timp1), and in- creased expression of genes associated with ECM remodeling [Masp1 (37) , Prss12] (Fig. 6) .
SMPs in DKO muscle showed an upregulation of just two collagen genes (Col8a1 and Col27a1) and downregulation of one (Col11a1) compared with WT SMPs (Fig. 7) . In addition to these collagen genes, only a few core matrisome genes were significantly altered (Fig. 7) . When examining matrisome-associated genes, similar to both FBs and FAPs, SMPs in fibrotic muscle demonstrated an upregulation of ECM remodeling (Mmp3, Mmp9, Adamtsl4, Serpinb8, Timp3, Adamts14) .
When SMPs versus FAPs versus FBs within each genotype were compared, gene ontology revealed a strong enrichment for genes associated with the ECM (P Ͻ Ͻ 10 Ϫ10 ; Supplemental  Table S1 ). With the use of the matrisome database, a further Fig. 6 . List of differentially regulated core matrisome and matrisome-associated genes in DKO fibro/adipogenic progenitor cells compared with WT. Gene expression in FAPs demonstrated a shift to favor fibrillar ECM formation in cells from DKO muscle. This is demonstrated through increased expression of fibrillar ECM glycoproteins, increased expression of genes important in fibrillar ECM formation, decreased expression of a Tgf-␤ antagonist, increased inhibition of collagen I breakdown, and increased expression of genes associated with ECM remodeling. Data are presented as log2 fold change in DKO relative to WT FAPs. Fig. 7 . List of differentially regulated core matrisome and matrisome-associated genes in DKO skeletal muscle progenitor cells compared with WT. Only a few core matrisome genes were significantly changed in DKO SMPs compared with WT. Similar to FBs and FAPs, SMPs in fibrotic muscle demonstrated an upregulation of ECM remodeling genes. Data are presented as log2 fold change in DKO relative to WT SMPs. analysis of the differentially expressed genes associated within these comparisons revealed numerous ECM and ECM-related genes to be differentially regulated between cell types (Supplemental Table S1, tabs [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Despite all cells being GFP ϩ , and thus expressing collagen I, RNAseq data showed differential expression of collagen I in both genotypes (Fig. 8) . In WT and DKO skeletal muscle, the highest collagen I expression was in the FB cell population, followed by FAPs and then SMP cells. Further analysis of differentially regulated core matrisome ECM genes in SMPs, FAPs, and FBs in DKO animals suggested that each cell type expresses ECM genes for different components of skeletal muscle ECM ( Fig. 8 and Supplemental Table S1 ). FBs showed elevated expression of fibrillar ECM proteins [inter alia: fibrillar collagen genes: Col1a1, Col1a2, Col2a1, Col11a1, Col11a2; fibrillar ECM glycoproteins: Tnc, Postn, Ltbp2, Ctgf, Thbs2, Thbs4; regulators of fibrillar ECM: Lox, Loxl3, Loxl4, Tgfb1, Tgfb3, Pdgfa, Mstn, Frzb; see Supplemental Table S1 (tabs 22 and 28) for a complete list of all differentially regulated core-matrisome and matrisome-associated genes], while FAP cells exhibited elevated expression of basal laminar ECM proteins (inter alia: collagen basement membrane genes: Col4a3, Col4a5, Col4a6, Col15a1; basement membrane proteins: Lamb3, Lama4, Lamc2, Fbn1 (48) , Nid2 (46); regulator of basement membrane ECM: Mmp3; see Supplemental Table S1 (tabs 22  and 25) . Finally, SMP cells in both WT and DKO muscle expressed lower levels of a majority of ECM proteins included in the core matrisome ( Fig. 8 and Supplemental Table S1 ). Lama5, a gene associated with stem cell renewal, however, was found to be highly expressed in WT and DKO SMPs compared with FBs and FABs (Supplemental Table S1 , tabs 25 and 28) (17) . Although similar patterns were present in healthy WT animals, FBs and FAP cells did not show differential expression of some core basement membrane genes (Col4a3, Col4a5, Col4a6), suggesting this specific gene expression arises in the pathological state ( Fig. 8 and Supplemental Table  S1 , tabs [11] [12] [13] [14] [15] [16] [17] [18] [19] . These findings demonstrate that ECM production in fibrotic skeletal muscle represents an effort among different cell types to achieve a fully functional composite of ECM proteins. Fig. 8 . Specialization of ECM expression in each of the three cell types during fibrosis. In both WT and DKO mice, collagen I expression is highest in FB followed by FAPs and then SMPs, suggesting that each population does not contribute equally to collagen I expression in both healthy and fibrotic skeletal muscle. Compared with SMP and FAP cells in WT muscle, FBs showed elevated expression of fibrillar ECM proteins, denoted by green lettering. FBs and FAP cells showed elevated expression of basal laminal ECM proteins over SMPs, denoted by blue lettering. Finally, SMP cells appeared to have the lowest amount of ECM expression compared with the other two cell types. Scaled gene expression counts of SMP, FAP and FB cells in DKO animals reveals a distinct role for each cell type in fibrosis. Compared with SMP and FAP cells, FBs showed elevated expression of fibrillar ECM proteins. FAP cells showed elevated expression of basal laminal ECM proteins. Finally, SMP cells had the lowest amount of ECM expression compared with the other two cell types. However, there were a few genes, such as Lama5, that were expressed at a higher level compared with the other cell types. This suggests that these proteins may be important for maintaining the ECM around SMP cells. Symbols depict differentially expressed genes: *differential expression between SMP and FAP, #differential expression between SMP and FB, ϩdifferential expression between FAP and FB. Data are presented as row-normalized scaled gene expression counts ranging between Ϫ1 and 1.
DISCUSSION
Overall, this study demonstrates that muscle fibrosis results from an overabundance of collagen-expressing cells, and not an increase in fibrillar ECM expression from one cell type. Furthermore, this study shows that collagen I-expressing cells in muscle are a diverse population composed of fibroblasts, fibro/adipogenic progenitor cells, and skeletal muscle progenitor cells (Fig. 3) . Finally, these experiments identified a distinct ECM expression profile for each of these cell types in fibrotic skeletal muscle ( Fig. 8 and Supplemental Table S1 ). These findings were observed using a series of histological, fluorescence activated cell sorting and RNA sequencing experiments on a collagen I reporter mouse.
The concentration of all collagen I-expressing cells dramatically increased in DKO fibrotic muscle, while the percentage of each population expressing collagen only increased modestly. This apparent discrepancy can be explained by the fact that Fig. 4 , C-E, shows that the number of collagen-expressing cells in each group increases dramatically, while Fig. 4 , F-H depicts the percentage of cells that express collagen in each cell type. The graphs shown in Fig. 4 , C-E, and Fig. 4 , F-H, represent different expressions of the data. Theoretically there could be a doubling of cell number with no change in the percentage of cells that are GFP ϩ if the entire cell population (GFP ϩ and GFP Ϫ portions) grew equally with fibrosis, but here we show that there is actually a shift in the population such that the GFP ϩ population has become a larger portion of the entire cell population. The discrepancy in effect size between Fig. 4 , C-E, and Fig. 4 , F-H, can thus be explained by the fact that both the GFP ϩ and GFP Ϫ portions of each population are increasing in DKO mice. Therefore, we can conclude that the collagen-expressing cell populations are increasing in number and that a larger portion of each population has begun expressing collagen.
The fact that the concentration of each cell type expressing collagen in muscle increased to about the same extent ( Fig. 4 , C-E) suggests that there is a common factor and/or pathway that is activated in DKO muscle that stimulates all collagenexpressing cells equally such as an inflammatory signaling cascade. This is consistent with previous reports that suggest that FAPs are activated upon muscle injury, and in turn, these activated FAPs increase skeletal muscle progenitor differentiation (26) . Additionally, it has been shown that activated satellite cells have significantly elevated levels of collagen I gene expression over quiescent cells (59) . Furthermore, FBs are known to proliferate during the progression of fibrosis in skeletal muscle (31a) . Therefore, the fibrosis that occurs in DKO muscle most likely results from FB, FAP, and SMP proliferation. However, to fully understand this mechanism, cellular proliferation assays would have to be completed. Nevertheless, the activation and proliferation of these cells would correspond to an increased number of GFP ϩ cells as well as a population shift in percentage of GFP ϩ cells within the FB, FAP, and SMP populations, which is consistent with the data in our study. Furthermore, the lack of differences between WT and DKO in terms of fibrotic gene expression supports the notion that the fibrotic phenotype seen in DKO skeletal muscle is more likely related to the proliferation of collagen-expressing cells as opposed to an increase in "fibrotic" gene expression program by a specific cell type.
Surprisingly, the expression of fibrotic collagen genes (collagens I, II, III, V, and XXIV) was not dramatically affected in collagen-expressing cells from DKO muscle; instead, there was actually a downregulation of most collagen genes. Interestingly, this downregulation was in genes that are primarily associated with the basement membrane (collagen IV and XV). Downregulation of these basement membrane genes is also seen in several types of cancers, characterized by stiff microenvironments where the basement membrane is degraded allowing for increased cellular infiltration and formation of a stiffer ECM (14, 15, 37) . A similar mechanism could be in play in this model of skeletal muscle fibrosis where the downregulation of basement membrane genes allows infiltration of inflammatory cells and ECM-producing cells (such as fibroblasts, myofibroblasts, fibro/adipogenic progenitors, etc.) to create a robust and stiff fibrotic scar.
Gene expression data show differential expression of collagen I between FBs, FAPs, and SMPs in both WT and DKO muscle (Fig. 8 ). These expression data coupled with data on collagen-expressing cell population composition (Fig. 4B) show that all cells do not contribute equally to collagen I expression in healthy and fibrotic muscle. Taken together, these data show that FBs and FAPs likely contribute more to the production of collagen I as compared with SMPs. SMPs have the lowest collagen I expression and make up the smallest portion of collagen-expressing cells, suggesting that collagen I production by SMPs is not a significant source of collagen in fibrosis.
It should be noted that the labeling strategy for fibroblasts in this study is not ideal. Fibroblasts and myofibroblasts in this study were labeled with ER-TR7 and ␣-smooth muscle actin, respectively. Although the labeling of fibroblasts has been a source of debate and scientific confusion, these two markers have been used in previous studies to label fibroblasts and myofibroblasts (11, 38, 43) . While the staining of these fibroblast populations is difficult, these two stains in combination serve to label a large portion of fibroblasts in skeletal muscle. In addition to ER-TR7 and ␣-SMA, the use of transcription factor 4 (Tcf4) has also been used to stain for fibroblasts (39) . However, Tcf4 has been found to be expressed in myoblasts, making its application for this study not ideal. Tcf-4 is expressed at a lower level in myoblasts, and genetic labeling techniques do exist for the identification of only fibroblasts (i.e., cells expressing high levels of Tcf-4), but those techniques genetically label Tcf4-high expressing cells with GFP (39). This GFP labeling would interfere with the use of the collagen I-GFP reporter mouse in this study.
While the GFP labeling strategy employed in this study is ideal for identifying mononuclear cells that express collagen I in a majority of tissues, in skeletal muscle this approach presents a slight limitation. Since skeletal muscle cells are multinucleated, this means that the collagen-expressing cell labeling strategy is limited and FACS does not identify postmitotic multinucleated myofibers that could be producing collagen. Given that SMPs made up a small portion of collagenexpressing cells and that these cells had the lowest expression of collagen I, the amount of collagen expression in myofibers is most likely insignificant. In fact, collagen I expression has been shown to dramatically fall upon satellite cell differentiation and fusion with muscle fibers, further demonstrating that the amount of collagen I expression in mature muscle fibers is trivial (60) . Finally, no GFP signal was detected in muscle fiber cytoplasm during histological analysis, which further confirms an undetectable amount of collagen expression in muscle fibers (Fig. 2) .
Because this study focuses on 8-wk-old animals, we are unable to exactly determine whether differences between healthy and fibrotic muscle are responsible for or the consequence of fibrosis. In the current study, we presented data from a single time point after the process of fibrosis has already begun. However, a previous study examining the progression of muscle fibrosis in desmin single knockout animals showed that the animals are born the same, but fibrosis develops as the desmin knockout animals age (43) . This suggests that the cellular differences seen in this study of desmin/nesprin 1 double knockout animals are responsible for the development of this fibrosis. In desmin knockout mice, ECM properties developed over the life of the animal, suggesting that changes in cell populations may proceed changes in the ECM. However, a detailed time course examining changes in cell populations and ECM properties is needed to definitively address this issue.
Muscle passive mechanical properties are significantly affected by fibrosis (13, 33, 43, 55) . Although collagen content and passive stiffness both increase in a variety of fibrotic models, a causal relationship has yet to be determined (12, 55) . The current study shows that, in fibrotic muscle, fibroblasts change their ECM expression profiles to favor fibrillar ECM (Fig. 5 ). With the downregulation of basal laminal ECM proteins and increased degradation of the basal lamina there is the potential for significant structural changes in the ECM. While these data do not directly explain the dramatic increase in fibrillar collagen production, particularly collagen I production, found previously (13), we now have evidence that FB gene expression is altered in a way that remodels the ECM, favoring a stiffer fibrillar structure. These structural changes could explain why collagen concentration does not correlate perfectly with tissue mechanical properties. Of course, additional experiments must be performed to confirm this hypothesis, but it is clear that the passive mechanical changes that occur in muscle fibrosis are more complicated than simply increased collagen content.
Although defining a specific mechanism for the increased concentration of collagen-expressing cells observed here is beyond the scope of this study, the RNA-sequencing data suggest that an increase could occur by a combined increase in cellular proliferation and dysregulation of apoptosis. Gene expression shows that FBs increase expression of genes associated with cellular proliferation [GO:0042127: Pthlh, Notch1, Edn1, Anxa1, Kctd11, Tgfb1, F2r, Mki67 (GO:0008283); Supplemental Table S1], while FAPs increased expression of genes associated with the negative regulation of apoptosis [GO:0043066: Bdnf, Hgf, Cx3cl1, Timp1, F2r ( Supplemental  Table S1 )]. Furthermore, SMPs increase expression of genes positively regulating cell division (GO:0051781: S100a6, Ereg, Btc, Tgfb2; Supplemental Table S1 ). Given these changes in gene expression, additional experiments examining the exact mechanisms behind how the collagen-expressing cell populations grow are warranted. This knowledge could help prevent the onset of fibrosis in several myopathies.
The results presented here provide insights that can help in the creation of antifibrotic therapies in muscle. The develop-ment of therapies to combat skeletal muscle fibrosis is important for the success of treating debilitating diseases such as muscular dystrophy. In cases such as Duchenne muscular dystrophy, cell-based therapies aimed at replenishing the muscle's missing dystrophin protein have not been tremendously successful in treating the disease (22, 40, (52) (53) (54) . This can be partly attributed to the fact that cells do not engraft efficiently into a stiff (i.e., fibrotic) microenvironment (8, 41) . Because fibrosis in this model develops from an increase in the number of collagen-expressing cells as opposed to an increased fibrotic gene program, a potential target for antifibrotic therapies should aim at targeting excessive cell proliferation and alterations in apoptosis. Future studies are needed in this area to identify therapeutic targets that prevent excessive cellular expansion. Alternatively, methods aimed at targeting cell populations with apoptosis could be used as previously reported in mdx mice (7) .
Conclusions The findings in this study describe and present a cellular mechanism behind the formation of skeletal muscle fibrosis in a murine cytoskeletal knockout model. FACS and RNA sequencing methods revealed that the large increase in collagen content seen in DKO muscle was primarily the result of an increased number of collagen I-expressing cells. Surprisingly, gene expression of fibrillar ECM genes, specifically fibrillar collagens, revealed no differential expression between healthy and fibrotic muscle. Although many profibrotic genes were upregulated in DKO muscle, these were genes associated with promoting fibrosis and not the major structural ECM genes associated with fibrotic scars in muscle.
